The use of probabilistic concepts is suggested as a way to explore the main differences in the behaviours of solids, liquids and gases with high school pupils. The idea of correlation is introduced with reference to macroscopic systems and then applied to describe the link between particles in solids, liquids and gases: analysis of the graphs of the radial distribution function allows pupils to construct a representation of how the three states of matter are differentiated by the nature of their order and to explain phenomenological observations. Results of a first trial of the proposal with pupils attending the final year of high school are presented.
Introduction
The construction of microscopic models to understand macroscopic properties of substances is an important component of the scientific curriculum in high school, which allows the description of different kinds of phenomena to be unified. A number of proposals suggest the use of microscopic models, in particular in the study of thermal phenomena to bridge mechanics and thermodynamics [1] [2] [3] [4] . Generally, models of solids and gases are introduced at preuniversity level, while liquids are described as lacking the properties of the other two states: in liquids, particles are not completely free nor totally bound. This description does not account for the phenomenological evidence of continuity between one state and the other during changes of aggregation state. It also produces some problems of coherence in the representation of the different states, exemplified by questions such as 'what happens to the springs in the model of solids during the melting process?' and 'where do the springs come from in the solidification process?'.
Our work has been designed to verify whether it is possible to describe solid, liquid and gas systems by means of the same formalism/model at high school level. To this end we propose using the concept of correlation to represent the probability of finding a particle in one position for a given position of another particle. The introduction of basic concepts of probability seems particularly convenient not only for understanding the structure of matter, but also for tackling any problem of modern physics [5] .
In the following we describe our proposal and the results of the first trial with pupils in high school.
Structure and content of the teaching proposal
The proposal was organized in the framework of a training activity for prospective teachers and it 0031-9120/06/010063+06$30.00 © 2006 IOP Publishing Ltd • a steel sphere falling in air, in water and then in glycerol. This simple activity reveals interaction between a fluid and a solid moving in it and shows that the interaction depends on the fluid examined; • water percolating through a clay pot while it does not pass through the walls of a porcelain container (permeable to gases). This observation allows discussion about the size of the 'particles' of liquid free to move; • a comparison between the values of latent heats of sublimation, of vaporization and of fusion for several materials. This activity allows pupils to point out that latent heats of sublimation and of vaporization have the same order of magnitude, while a difference of one order of magnitude exists between latent heat of vaporization (or sublimation) and latent heat of fusion. This shows that most of the energy necessary for the change of state from solid to gas is used in the passage from liquid to gas and suggests that strong bonds exist in liquids as in solids.
Then, to promote students' reflections on the phenomena considered and at the same time to test Box 1. The initial questions.
1.
Why do different liquid compounds have different viscosities? 2. Water percolates through some solid objects but not through others. Why? 3. Latent heat of vaporization and latent heat of sublimation are of the same order of magnitude, although the first refers to the liquid-gas phase transition, while the second refers to the solid-gas transition. What is the explanation for this similarity?
their mastery of the particulate model, we asked them three written questions on interpreting the previous experiments and about the data on phase changes (see box 1).
To the first question (why different liquids have different viscosities) typical answers were: 'because different liquids have different density', 'because water molecules and glycerol molecules are different', 'because the distribution of atoms in the two liquids is different'. These answers suggested that even if pupils were using a particulate model for the liquid, they were not able to introduce into their model the idea of interaction. Actually, while for solids the spring model describes the interaction between molecules, it is not suitable for liquids and an alternative is evidently necessary.
Answers to the second question (why water percolates through some objects. . . ) were for example: 'porcelain has molecular bonds stronger than clay', 'porcelain has a more compact molecular structure'. In this case students used the idea of bonding for porcelain and clay, but they did not recognize that to explain the permeability of clay to water the mesoscopic level of structure should be considered, not the molecular one. Answers to the last question (why the same order of magnitude for heat of vaporization and heat of sublimation) showed that even if all the students thought that liquids are more similar to solids than to gases, some of them, as already happened for the first question, were not able to use the idea of a bond between molecules for liquids. They also could not connect this idea to the amount of energy required for the phase change.
Discussion and further observations (for example about the difference between viscosity and density or about the permeability of porcelain and of other materials to gases and their impermeability to liquids) let the students recognize the need to enrich their knowledge on the particulate model with new concepts and formalism.
To this end students were invited to focus their attention on the term 'correlation' ordinarily used in common language. They referred this term to events related by cause and effect or to events that happen in different places having the same cause (e.g. earthquakes and volcanic eruptions in the same seismic zone). Other examples were then introduced, by proposing the analysis of macroscopic systems in which the correlation between different components is due to interaction between them (see figure 1) .
In systems (a), (b) and (c) the motion of one part is determined by the motion of the other one; in (d) the torsion of the lower bar produces a torsional wave propagating in the system. In the simple solid model in figure 2, correlation is due to springs so that the motion of a particle is determined by the vibrations of the other particles.
But, forgetting the spring, the situation can be described alternatively by saying that in solids the motion of one particle is strictly related to the motion of the others, because the probability of finding the particles in determined positions at a fixed distance is very high. In this way the concept of correlation can be associated with the probability that molecule 1 lies in the interval r 1 , r 1 +dr 1 and molecule 2 lies in the interval r 2 , r 2 + dr 2 , expressed by a radial distribution function g(r) [6] . The idea of correlation enables us also to describe the link between particles in a liquid, although there is no simple visual model for the bond between particles in this aggregation state. The problem then becomes how to discover and visualize different correlations between molecules in solids, liquids and gases.
We think that results from scattering measurements can be presented to pupils and discussed with them to obtain a picture of the differences. In particular, we considered x-ray diffraction with the pupils, to illustrate that, in a scattering measurement, the intensity of the scattered beam is due to the effective elastic collisions between beam particles (x-ray photons, neutrons) and the atoms in the sample. It was then possible to link the intensity of the scattered beam to the probability of finding atoms in certain positions. Since this probability is described by the radial distribution function g(r), measurement of scattering intensity provides information on the characteristics of g(r). (It is possible to demonstrate that g(r) is the Fourier transformation of the structural function, proportional to the scattering intensity [7] .) Then from the graphs of the radial distribution function (figure 3), given in the literature [8] [9] [10] [11] [12] [13] , it was possible to compare different correlations in gases, solids and liquids and to point out that the three states of matter are differentiated by the nature of their order: gases have no order, liquids have short-range order and solids have long-range order. Figure 3 (a) shows that in gases the probability of finding another molecule at a distance r from a given one is a uniform function of r. This means that no bond constrains a molecule to be at a given distance from another one. In crystalline solids ( figure 3(b) ) the probability is maximized for particular values of r, even for large r. This means that atoms are constrained at given positions in regular arrays. For liquids the probability has a solid-like behaviour for small values of r and a gas-like one for higher values ( figure 3(c) ). This suggests that for short-range distances the liquid is comparable to a small 'solid cluster' with strong bonds between molecules [14] , while no correlation exists between molecules in different clusters (in perfect liquids). Figure 4 sketches a solid and its liquid. through them. The similarities of liquid and solid states for short distances also explain the same orders of magnitude of latent heat of vaporization and latent heat of sublimation: the transition to the gas phase requires the breaking of similar bonds for solids and for liquids. Moreover, the idea that interaction between clusters may be different in different liquids can account for the differences in viscosity observed in water and in glycerol.
After having discussed the idea with the pupils that a liquid can be modelled as an ensemble of small solid clusters, we asked them to reconsider the experiments, previously carried out, in the light of the new model and to answer the questions shown in box 2.
A comparison of the answers given by the pupils in the initial and final questionnaires was carried out, as described below.
Comparison between pre-and post-tests
The results obtained in the pre-test and in the posttest are shown schematically in figure 5 . The correctness scale of answers is shown on the horizontal axis. The correctness of the answers in the pre-test was evaluated by taking into account the subject matter pupils had already been taught. The vertical axis shows the number of answers normalized to the number of pupils.
The responses to questions (a) and (b) (see box 2) show that all students were able to form their own explanation for the distribution function and for why this function was introduced. Furthermore, most of them proposed an adequate model of solids, liquids and gases. An improvement is also evident in interpreting the experiments carried out during the first lesson, except for the experiment on permeability. In this With reference to the model of the three different states of aggregation suggested by the analysis of the radial distribution function, answer the following questions:
1. Why do different liquid compounds have different viscosity? 2. Why does water percolate through some solid objects but not through others? 3. Latent heat of vaporization and latent heat of sublimation are of the same order of magnitude, although the first refers to the liquid-gas phase transition, while the second refers to solid-gas transition.
What is the explanation for this similarity?
case some pupils did not recognize that the pores in clay are several orders of magnitude larger than the lattice constant (or atomic distance), as shown by answers such as 'clusters in water are smaller than the distance between molecules in clay' or 'the permeability of materials depends on their chemical composition'.
Brief conclusions and future prospects
Pupils' answers in the final questionnaire reveal that the teaching sequence was, on the whole, effective. Its key points, i.e. the use of simple experiments to pose the problem and elicit research for a model, analysis of experimental data and graphics culled from scientific literature to construct a model, and use of the model to explain the observed phenomena, confirmed their effectiveness in promoting pupils' involvement and understanding. Moreover, since the work required pupils to recall and use their knowledge in different areas (from diffraction of electromagnetic waves to thermodynamics) they perceived the importance of a non-fragmented understanding of physics and the unifying role of models. It is also worth noting that pupils did not show any difficulty with the concepts of probability used in the teaching sequence. However, improvements are necessary. For example, better inclusion of the sequence in the curriculum and closer correlation with previous activities should enhance effectiveness and allow pupils to overcome their difficulties, particularly in interpreting permeability. Actually the idea that some materials, like clay, have pores and their order of magnitude can be introduced very early into the curriculum by means of well designed experimental activities. At the school level of our pupils, this idea should be just recalled and reconsidered, starting from simple observations.
On the other hand, an extension of the work seems suitable-to develop with the pupils a link between the ideas of correlation and interaction. In fact the probabilistic approach allows the Lennard-Jones interaction potential between pairs of particles in liquids and in solids to be introduced, because the probability g(r) is connected to the particle bonds [6] .
Nevertheless some open questions still remain. For example, how to make the meaning of measurements reported in the literature accessible to high school students, whether it is necessary to introduce the Fourier transformation and how, and also how to show that between gas particles there is only a temporal correlation.
